Tours,

Chiral Gauge Theories,
Generalized Symmetries,
Dynamical Symmetry Breaking,
and

Natural Anomaly Matching

K. Konishi (Univ.

24/01/2025

Pisa/INFN,

Pisa)



Plan of the Talk

|. Chiral Gauge Theories ... Why?

ll. Generalized Symmetries and
stronger 't Hooft (Mixed) anomaly matching

lll. Dynamical Symmetry Breaking of 1-form symmetries

V. Natural Anomaly Matching



|. Chiral gauge theories



Why ?

(i) Macro and Molecular level Nature: 0(107%) ~ 0(10°) cm
nontrivial chiral properties e shla
(i)  Microscopic world very precisely described by O(1071%) em N oetion
par P
SUB)qcep x (SU(2)L x Uy (1))ews &;ﬁ‘;@‘;‘gé
(i)  GUT models SU(5), SO(I0) ... ? l 010~ em)

\
e . . o2
¢ (i), (iii) are chiral gauge theories, but are weakly coupled, @%

well understood in perturbation theory cad

¢ Perfectly good physics theories — as LE effective actions

As such, they leave masses, families, neutrinos, axions, dark matter,
the origin of the electroweak symmetry breaking, naturalness, etc. etc.

unexplained
UV completion lacking @



Earlier studies on chiral gauge theories
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¢ Solid knowledge about strongly-coupled asymptotically-free_gauge theories

7(33,
. . meﬂ J
¢ QCD SU(3) Yang Mills theory with quarks CILEIN X confIns=
e ‘N =2 susy gauge theories (w/ advanced mathematics), 7994 Se\be(g\l\l‘“e“
d\xa\\ y o emeﬂ‘
These are all vectorlike theories moﬂ°P°\ 76% nd €

In comparison

¢ Surprisingly little has been known until recently about strongly-coupled (AF) chiral
gauge theories, after many years of studies

A challenge for theorists: understand them better!
Nature may be making use of them in a so-far unknown (to us) way

¢  Clearer picture is however finally beginning to emerge
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Il.  Generalized symmetries and Anomalies



. . o ,\N ',
Generalized symmetries o

¢ 1 From O-form symm. (acting on local operators)
to k-form symmetries (acting on line, surface, etc operators)

¢ e.g thecenter Zn symmetry in SU(N) YM \ooP
o

GifVA%QNGi%A, QNZGQM/NH e Zn

° b3 . ~ 1
¢ ) “Gauging” the |-form discrete Zn symmetry @ =a + NB(SU
NB® =dB® ., B® - B® 1dx., BY - BY 4 NA
a—a+ A .
! !
1 2 1 . . y H f
| n (2)}2 fractional |/N ’t Hooft
g2 !4trF -y !4tr(F(a) B:7) e
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N) YM P e
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The anomaly matching a double vacuum degeneracy !! e s\,\s\),%



a! t"Aj(x)dxF

F = da+ a?

1 : 1 : .
F21 F" F = éF“’ F* dx,dx; dx- dxg = > FYWFE™d*' = F¥ By, d*x



¢3 Generalizations

¢

¢

¢

‘ SR 1) Axial
| “gauging® ———» ZZNF

Adjoint QCD:

SU(N) with Nr Weyl fermions

Nonanomalous discrete chiral symmetry

ZZNF Nc s

becomes anomalous after |-form Zy, gauging

|
%| e2 I/ 2N NC%

QCD: SU(N) with Nr quarks, N =N, or gcd(Nr N)=k

| standard center symmetry is absent

I color-flavor locked 7,
Zx ( Zng) Zn;

QCD: SU(N) with N quarks, arbitrary Nr

| flavor Zy,
I baryon number

“gauging”

| -form symmetry

—

Ug (1)
Zon & Ug (1) & Zy, mixed anomaly

| -form symmetry is present
ZNf ( UV(Nf)

broken by mixed anomaly

2! |
N



What about

Chiral Gauge Theories ?



¢4 Gauging 1-form (color-flavor locked) Zn center symmetry

e 1-form (color-flavor locked) Zn ol
! 200! 2! N,
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WO |

(Z,)e anomaly S clognest
¢ AlIBY and GG models have a non anomalous (Z,)g symmetry (fermion parity) b
i 10 1 . in type | models (*) (e.g., even N h&' Omodel(),
: 1 .
because 1 S= gl g5 triFy FH1(x1)=217Z s O
i s LA e e dGG mo
7 B a\ BY 2" evets
with ( G =22£0 ] ! instanton # with NP
i \\- otne’
Tee
¢ In these models, the symmetry group has a disconnected component :
SUN)! SUN+4)! U~ (D' Z,
G =
ZN
CF locked center symmetry: Zy ! SU(N)" {Ur (1) # Z5}
¢ Intype Il BY and GG models, no Z; and | G = 0 o

I
No new results w.r.t. the conventional 't Hooft anomaly algorithm




¢¢ Typel models: gauging of the |-form color-flavor locked Zn symmetry

(= Amixed Z; -(Zn)? anomaly:

G

(O

o gt
. ( ) 1 "’ #, el ‘O‘T«\Y\Z\’uﬂo,
# g(Mixedanomaly) _ (i#) 4 d(R)N (R)Z I N éD(R) @ Bc(:Z) = + 1 V\"::\o%(\esv
fermions 5 ' 4 °
N 2
n (%)

In IR, the massless baryons do not support the Z; - (Zn)2 anomaly

™ The confining, symmetric vacuum (&) is inconsistent ($)
¢ ¢  Vice versa, the dynamical Higgs phase with !!" " # 0 is consistent.

“"Anomaly matching”
UV: topological obstruction in gauging Z, and Zn simultaneously;

IR: U+ (1) spontaneously broken, so is the color-flavor locked |-form Zn



Review: BY model / conventional 't Hooft anom. matching

||{i-} B —
iy B B=1,2,...,N+4 G = SU(N).! SU(N +4);! U(Q1),
. W Q
® (N +4) O

(A) Confining, SU(N+4)x U(l) symmetric phase seems consistent (no condensates) (&)

massless baryons ~ BYel=1V"#"5  AB=1,2... ,N+4
belds SU(N). SU(N +4) U(1)
uv | | N 44 | N+4
A N+4)d?l | Na | (N +2)
(B) CF locked (Higgs) phase also consistent pelds | SU(N)y su@), | ul)
. : N(N+1) 4
#linBg=Cc#® , B =1,2...N uvi | B et CHE
G! G'= SU(N)g! SU@)! U'(1) s | [P N24a@g | "1
o a2 | 48°% | N oa "1
The anomaly matching OK, ~ 2z  Massless baryor 7
(see Iater) h8 + 1 Nambu-Goldstone IR | BlA1Bi] N(NZ" 1) a3y " q
¢ Massless baryons and (NG) bosons in L.E. B[A1B2] 4@ N & "1
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Objectionto (%), ($)

grnith, K21 asil

2!
B((:l) =2! Ao = o » Ao singular (Z> vortex)!! a\?
Propose: use Ag =21 F BM =41 No 2 anomaly 11?7
X
) But (*) is a trivial Z2 holonomy
I |
¢ Cure: consider !"  model with a regulator Dirac pair d,€§ and W
o\O%“eS\’
a singlet scalar | w/ Yukawa (“X - ray model”) B\\'\EPQ3
' L =g!agg+ h.c. n"=v# I,
SUNN):$ U(1)$ Up(1) SU(N)e | SUNN +4) | U@)r | UQ@)y | Us(1) | B(1)
7 + +
N | — (é N24 0 1 N24
™  Mixed anomalies: " | R 0 11| B
. O 1 1 N +2
e A! (BY)? T 9 N2
. & (3 0 11 1N
"Sro= g5 (BE)# # (3 (3 0 0 | 2 0

I'a

o Ayl (B¥Y)2

!
ISe o= o5 !4(B§2))2!#o, Co= NN +3) y (Z2)r anomaly (%) ($)



In BY and GG models with even N, UV-IR mismatch of mixed Z anomaly
suggests dynamical symmetry breaking

" "#0 or " "#0

more precisely, CF locked dynamical Higgs phase

| Jman = giayp 3 op LMo gmy S

] J
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IIl.  Dynamical breaking of symmetries

Dynamical breaking of the color-flavor locked
1-form Zn symmetry



Tensorial Chiral Gauge Theories N —4 o N4

k k
e.g., SU(5) model with S, N=5, k=1
| 2711
G = SU@B)! SU@)! U@ L oes
) Zs! Zg e i

Gauging of the 1-form (color-flavor locked) Z5! SU(5)" U;» (1) center symmetry

72

1
S 0SiP = —-264375 / (B2 =10575an; n € Zs,
24
Ur (1) getsanomalous (amixed U (1)! (Zs)> anomaly)

(X An indication that U+ (1) is spontaneously broken at low energies,
e.g., by condensates such as

I "#0, I""#0



¢ Many other mixed anomalies

UWyx] = Zs] — |Zo], [(Z7),)] — [Zs]?, [(Z2r),] — [Zs)

Q: Which are the set of condensates and symmetry breaking pattern in L.E.,. Cran A
that reproduce all of them? (***) NO Anoe’
¢¢  The right question to ask:
A
What is the most likely dynamical scenario (confinement, Higgs, dyn. A

Abelianization, etc.) , compatible with these mixed anomalies? g0t

This question transcends the otherwise reasonable-sounding questions (***).

Ans: dynamical symmetry breaking

¢ ¢ ¢ Natural Anomaly Matching



V. Natural Anomaly Matching
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®  When the color symmetry gets dynamically broken (Higgs phase) by
some bifermion condensate, the anomaly matching with respect to the
unbroken symmetries, is often automatic, as in the BY model
. . . ‘A9
® Many chiral gauge theories surveyed: in some cases such an KK pRO
. . . e
automatic anomaly matching appeared to fail golod”
Ny Yx1
0=  Clean up the logics behind, correct some statements I
made in BK 19, and give new examples Lo
‘ZA' L O O (] O O
0, Ors°




Devide the full set of fermions in two sets
{U} ={%} ®{¥1}, (ToTp) ~ A°,

(= the symmetry is broken as
CF locking

G.xGf—G.xGr,

G.CcG., GycC(G./G.)x Gy,

e Fermions {¥o} do not contribute to the anomaly in the L.E.
Tr T3|\p0 =0, T C {T. +T%} Generators of éf
® Also, TrT}|go+w, = Tr (T, + Tf)’|wo+w, forany color/flavor generators
&= For the combinations T = T.+ Tf, we find
Tr T wgrw, = Te(Te + T5) lwgrw, = Tr TP |ggrw, = Te TPy,

@ Solution of the anomaly matching? Not quite yet!

Fermions {¥;} can become strongly coupled: must be replaced by massless baryons

s.t. TI‘T3|\I;1 = TrT3|B (*) but it's the original 't Hooft problem!



*1 In the CF locked dynamical Higgs phase, e.g.,

(UoWo)e ~ 6L A%, can actas a metric, converting color to flavor

&
{B} ~ U1 U0y, UU0., Y00 00,, U VU,0,U Y,

satisfy (") automatically {B} ~ WV, wrt éf

~

¢ 2  Whenthe LE color (. is infrared free,
{B} ~ ¥, satisfy (*) automatically
43 In all these cases, the anomalies with respect to unbroken symmetries

are all satisfied fully and automatically  (*)
including the conventional, generalized or global (e.g. Witten) anomalies



An example: an SU(5) tensorial model w fermions

®9 G= SU() X

SU(Q) X U(1)¢X
Z5 X Zg

U+ (1) getsanomalous (amixed U- (1)! (Zs5)> anomaly)

=™ Assume

€T (X X o) X 04 #£ 0, A=12,...,5, (Yx) =0.

G brokento G = SU(5) x SU(3) x U(1) x U(1)’

The massless baryons are

BihA2k = U3} (yx ) (X)), 3

)

Bia, as,4 = Xii 0003, XX)%,

Bia, 42,8 = Xfi 00)'a, (XX)%,



Anomalies (conventional, generalized mixed) in G’

fields SU(B) | SU(3) | U(1) | U(1)
Uv | il 15-(:) | 0 3
A
B
X3 10-() | 3 7
IR | B{4i42} 15-(:) | 0 3
B[A1A2],A 40 - ( ) —3 —7
Biaas | 3 10 - 4 7

fully UV-IR matched




Another possible IR phase for SU(5) model:

C1
condensate (W*x),,; & . . (xx) =0,
- CN_ j
& -
Ge=SU(B) > G.=8SU(2); x SU(2)2 xU(1)1 x U(1)s .
G;=SU(9) xU(1)y, = G =SU(8) x U(1)
fields SU(2), SU(2): Ul U(l), SU®) U(LY
L.E. massless fermions ) 35() 4 2 3() 2
Py 3 () -2 8 3 (") 27
0 () 4 12 ()
Xy O 0 4 2 () T
X?IJ] () () 2 8 () -27
XTij) 8 () 8 () 4 -2 D -9/2
X 16 ] 16] ] -1 3 4[] -9/2
X(1J) 8(-) 8 () 2 8 D -9/2
X5 8 | 16() 0 -7 2| | -9/2
X7s 16 () 8| | 3 -2 2 | -9/2




V. Summary



Investigated the IR dynamics of AF chiral gauge theories:
via anomalies In
gauging 1-form (color-flavor locked) Zn center symmetry

Stronger constraints than the conventional 't Hooft
anomaly matching algorithm

In wide class of chiral gauge theories, the new mixed-anomaly
matching suggests dynamical symmetry breaking via
bi-fermion condensates (non unique)

¢ All (conventional, new, and global) anomaly-matching requirement
w.r.t. unbroken symmetries automatically fulfilled
(natural anomaly matching)

¢ Some other hypotheses, confinement without condensates and
full global symmetries in the IR, or confinement but with only
multi-fermion gauge-invariant condensates, found to be inconsistent



¢  Clearer picture on chiral gauge theories emerging, but

UV completion of

SUB)gep x (SU2)L x Uy (1))ews

still lacking

&

The QUEST continues !
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¢ Be more careful about the symmetry:

the true symmetry group of the system turns out to be: (N=even)

U(l)!" # SU(N +4) # (ZZ)F cfr. (*)

G = SU(N) #
(N) IN# IN+a

¢ Gaugethe I-form Zn! SU(N)" (Ur (1) # (Z2)F)  symmetry

¢ |Introduce
¥ A: U(1)» 1-form gauge Peld,
¥ A(Zl): (Z2)r 1-form gauge beld,
¥ Af: SU(N +4) 1-form gauge beld, a . SU(N) gauge field
¥ Bc(;z): Zn 2-form gauge Peld,

¥ Bf(z): Zn +4 2-form gauge beld.

2 1
[ NBP =dB®; (N+4)BY =dBl" . ]
P N
0 Zi B = . mi# Iy o BP= T mi# Ty

T2 I



Invariant tensors felt by the fermions

N &, N+4 7 & N +4 (
w : Rs F(&#) + TdA dAz = R? F(a)" B((:z) + 5 dAtB((;Z) + Bf(Z)
(1) n N 2 n N +4 (2)
+ dA; EBc(;) EC B”
% &
n: Re F(#) + F ()" %dA dA>

N +2 (

=" [F@®" B1+[F(&)" BPY]" === dA+B& + B
) *

L1} (1) 11} N 2 1] N +4 (2)
dA; EB((;) ——B;

% & N
B : Ra F(A) ™ EdA " dA>
1 ) *
) N ¢ N _ . N+4
= RalF(A)" BP1" 2 da+B@+BP » dal)" TB@~ =80



¢ Impose invariance under:

B@1 BY +d

B 1 B +d!

%, BWY1 BY+N®%,

- Bf(l)! Bf(l)"'(N"‘4)!f’

g! &+ !, 1
_ 1
Al A" 1" 1, where &= a+ WB((;),
N N +4 _ 1 -~
AS) ! A(21)+§!C+ > A= At ea B
ﬁf ! /&ff + 1.
¢ Fermion kinetic terms
_ N +4 -
M $+ Rs(#) + A+A; P
1 IJ. $
N +2
+ %# $+ Rp (&) + A" — A" Az PL%.
H
. ~ ~ 2 (1) — - l (1\ .
with Rs(a) = Rs(a) — NBC Rr«(a) = Rs(a) + VB“ ‘ each term is
replacement ] now invariant
2 p() (1) ‘ _tp)_ tp under (&)
A—)A‘FATBC +i\r-}—4Bf Az—}Az 2Bc QBf



Calculation of mixed anomalies ; generalized 't Hooft anomaly matching criteria

Results: LD
—\— V) oy o)
. 5 W (N B -1
@ Mixed (Zo)r! [Zn]? anomaly O Wy S
! VN + A
: 5) _ 1 2/ (2)\2 24 (1) N wSRT
UV: Syy =1 a8l N°(Bg)aA5” . SN
l'5
s =xitz, Al =d $A(O) $AY) =+ 21
® The partition fn changes sign under S T < S - Z) anomaly !

¢ N.B. without gauging the |-form symmetry B® = B{!) = Bf(z) = Bf(l) =0.
#

/A (0)
would have found:  1Sf, = ! gz UlF (a)]* 'A22 . No Z, anomaly!
4
IR: 0 aN Z(B((:Z))ZA(ZD =0 No Z; anomaly o Assumine Jum

¢ Mixed (Z5)r ! [Zn]? ’t Hooft anomaly does not UV-IR match

. The chirally symmetric vacuum is inconsistent
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teinberger ‘49, Schwinger ‘51,

_Mi to ‘49 S ’
Fukuda Miyamor 9, Bardeen '69,Wess-Zumino, 71 ...

Adler ‘69, Bell, Jackiw ‘6

Axial / chiral anomalies

1C
| AAA»LLL”6
JH I A\]V‘
No conservation in all channels
Observable (calculable) effects
0 — 2y My 2> My JY < ' JP
: : S
Gauge vertices: \54@@
, , . -
¢ Gauge symmetry destroyed (inconsistency) O\{'\(\Q\»@
. b NS
¢ Anomaly cancellation needed Z Tr({t%°}t°) =0 ®+
q’s,l’s ¥
%\SO‘ ol
External “gauge” fields: oo o g

Abelian / nonAbelian anomalies (NOT an inconsistency)
¢ observable effects KK — nnr  etc. Wess-Zumino-Witten (5D) action

Mixed 't Hooft’s anomalies preons /o N\ quarks @f—==

't Hooft anomaly matching conditions

Other new anomalies 8. Wan-Wang 1%

Dai-Freed ‘15

a-



Standard 't Hooft anomaly matching in the (1,0) model

pelds| SU(N). | SUNN +4) | U(1)
N(N+1) =z
| D 48 | N+4
A | (N+4) 4]l | N a | (N +2)
(N+4)( N+3)
BIAB] (N*9) 43 N

Table 6: Chirally symmetric phase of thg1, 0) model

Anomaly Auv(l,™) Ar (B)
SU(N +4)° N N+471 4
U(L)SU(N +4)° | (N +2) &N | N &N +41 2)

N (N +1) (N +4)( N +3)

U(1)° (N +4)BT! (N +2)3N(N +4) | N3 :
U(l) (N + 4) N(N2+1) | (N + 2) N (N + 4) I N (N +4)(2N +3)

ZN+2 SU(N +4)2 0 N + 2
Zn+a SUNN +4)° N 24(N +41 2)

Table 7: UV-IR Anomaly matching in Chirally symmetric phase




(ii) (N, ,N-) =(1,1) (O"# O) model

o

+ 8 17 Ge = SUB)" Uy(1)" Uy(1)" Zn:

® Confinement and unbroken SU(8) !  No baryons which give Tr (SU(8)*3 =N

® Color-flavor (CF) locking (N > 8)!>‘< $ | $ |
clg ?/ ) Os 8/
| " d
nu — 3 f m Ky 4— ] 3 1 f
#A# ' # Onggé , $kJ# I # é .
dN! 8
SU(N) %SU(8) % U(1)* & SU(8)s %U@)N'®
massless BIABl ¢ | i #[A I and BAB1 g (14 )AL (14 )Bi B—A $ (I # )A
baryons ) J
4+4+ (N-8) =N
® Complete Abelianization ) 4 K i $= d 0/16 A ;#$: 0
N1 | (..#.. )ii noo i
SU(N): & SU(8); & U(1)?" U (1) & SU(8); & U(1) g Awo| A
1=1 ' '

Note




(i) (N,,N-)=(2,0) model

RULD -

SU(N).# SU(2); # SU@2N +8); # U(1)

e Natural generalization of (1,0) model, but no SU(2ZN+8) symmetric confining vacuum

® “Color-Flavor-Flavor” locked phase

=1,2, B:1,2,...,2(N+4),

+2(N +2) 2]

- deSr=c#® B =1,2...N,
naese=c#d' N j=1,2...N, B=N+1,...,2N
: '\XN N >
Grp $ SU(N)c # O(1)# SU@) # SUB) | e o 2
massless baryons |2
BAC — # ( i, 1--iA" N.-jc + 1 2uiN<A " 2N ..jc); |
! belds SUN o SU(8) SUR) | B@)
B[A1B1l1 — i, 1..iA1..j|31 | ALBi=1.2.. N ! 23 N(N +1) a3 N(N2+1) 4 1
S " Al 24(_ 7 14 2N“ &(9 N2 & 11
A2,By= N+1,N+2,...,2N e 84 ? \ £ 8N 4(3 1
massless 3N2 + 32N +1 NG’ (later!) | B*© 8{; N 8N a(3 | 3
® Simple color-flavor locking: No BBl 28 N(N! 1)a@ | =52 1




Monopole condensation, confinement and Susy breaking
N=2 susy SU(2) gauge theory W =(Agl), ! =(".#)
with
ALNTY = 4 ®2|g2 = pypp + . .. ; ALNZY = maW?|g = mad\ + h.c.

my < U

Physics depends on

Opn = 0 + 2(Arg p + Argmy)

1 2
AFE = —m)\<)\)\> — om /;m)\ <(P2> = € Ccos th/Q o]

g ol

Similar behavior of the standard QCD vacua
from Leff with nonzero my, mq iaNene?®™
C b




The “a” theorem

Model ayy aR Status
(1,1) CFL (N ! 8) 13NZ 1 44N " 62 106N " 538 v
(1,1) CFL (N # 8) 13N" 1 44N " 62 " 2NZ+ 1N 4o v
(1,1) Abelianiz. L3N 4 44N " 62 22N v §q v
2 2
281N 2+99 N | 248 1IN 2+77 N +132
(1,0) No XSB ! / v
(1 O) 281N 2+99 N ! 248 11N 2+109 N +4 ‘/
y 4 4
(2,0) (symm) L(157N2+99N " 124) | 1(17N2+ 141N +2) v
(2, 0) L(157N2+99N " 124) | 1(17N2+ 141N +8) v
(3,0) M-+ 2 62 ON? 4 SIN v
! 4 4 4 4
(0,1) 2BINZ v 99 G2 LN " 3)(N " 4) v
(0, 2) L(A5TN2" 90N " 124) | L(A7N2" 12N +228) | v
(0, 3) 1(347N2" 297 " 248)| 1(65N2" 48™ +876) | v
(2,1) 1(303N2+275N " 248) | 1(33N2+297N + 16) v
1," 1) 157N2 v oo 15N° 4 o v

2

2




Appequist-Cohen-Schmalz f criterion

Model fU\/ f|R Status
(1,1) CFL (N ! 8) ISN" L 14N " 2 AAN" 7); (N! 8) v
4
(1,1) CFL (N # 8) IN" L 14N " 2 2+ UNwoON2 - (N#8)| V
4 4
(1,1) Abelianiz. LNZ + 14N " 2 N1, $N v
(1,0) No XSB L(37N2+63N " 16) I(N2+7N +12) v
(1,0) L(37N2+63N " 16) L(TN2+ 113N +8) v
(2,0) symm L(29N2+ 63N " 8) L(19N2 + 177N +4) v
y 4 4
(2,0) 1(29N2+63N " 8) L(19N2 + 177N + 16) (V)
(3,0) 7397|87|\|2+ 1683T9l:| n 2 7858N + 72§N +8 X
(0, 1) NZw 6N w2 IIN" 3)(N" 4) v
(0,2) L(29N2" 63N " 8) L(19NZ" 145N " 276) (V)
(0, 3) L(7ONZ" 18N " 16) | 1(85N2" 65N +1212) X
(2, 1) L(5IN2+ 175N " 16) L(2IN?2 + 189N + 32) v
" 2 2
(1," 1) 29N° D 150”4+ 2 v

o}
o)
O



